Abstract. The effect of additions of antimony (0.05% Sb) to silicon steel on the improvement of the electrical properties of non-oriented steel sheet was investigated. Measurements of surface segregation of Sb were performed under UHV conditions in the temperature range from 450 to 900 OC, using AES and TDS. Maximum equilibrium surface segregation of antimony was determined at 700 OC. At higher temperatures, T> 800°C, the desorption of antimony from the surface was measured. The grain boundary segregation was negligible and we can conclude that the texture formation, rich in (100) grains, results from the effect of the orientation dependent surface segregation of Sb. This segregation causes differences in surface energies and the stability of different grains. Controlled surface segregation promotes selective grain growth improving the electrical properties of non-oriented steel sheet.
INTRODUCTION
It has been experimentally confirmed by several authors that the addition of about 100 ppm of antimony can affect the magnetic properties of silicon steel, simply by enrichment at surfaces and/or grain boundaries (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . This enrichment affects recrystallization, producing an increase in the number of fenite grains with soft magnetic lattice space orientation in the sheet plane and in this way improves the magnetic properties. Our investigations show a strong correlation between the surface segregation of antimony and the orientation of the grains emerging at the sheet surface.
EXPERIMENTAL
The experimental steel of composition Fe, 2.0 % Si, 0.3 % Al, 0.030 % C, 0.001% P, 0.001% S and 0.05% Sb was prepared in the laboratory. Ingots were hot rolled to strip of thickness 2.5 mm, decarburized, descaled and after intermediate annealing and cold rolling, cold rolled to the final thickness of 0.5mm and 0.15mm with a final deformation of 60%. The specimen was mounted in the UHV system, and heated up to 900 O C for 10 minutes and than sputter cleaned, annealed in the temperature range from 450 to 900°C and investigated in situ by AES and TDS.
The antimony enrichment of the surface was determined by following the peak height ratio (PHR) of amplitudes between the dominant Sb(M5N4,5N4,5) and Fe(LM2,~) Auger transitions at kinetic energies of 454 eV and 650/703 eV respectively (16, 17, 20) . The AES spectrometer was additionally equipped with Thermal Desorption Spectrometry -TDS for "in situ" investigation of antimony desorption.
Grain boundary segregation was also investigated by AES. Cylindrical fracture specimens were prepared from the hot rolled strip of thickness 4 rnm. The specimens were encapsulated in quartz tubes, evacuated to about 10-6mbar, normalized for 24 hours at 1000°C, cooled in air and aged at 550°C for 200 and 500 hours, than introduced into the UHV system of the Auger spectrometer at basic vacuum 4x10-10 mbar and after cooling to approximately -120°C "in situ" impact fractured. The AES analyses were taken from as many intergranular fractures as possible.
The recrystallization of experimental and comparison steel prepared from the same base material without antimony was studied in the temperature range from 550 to 850' C. Both steels were decarburized before the recrystallization process and annealed in a lead bath for different times from 1 to 60 minutes. The microstructure was examined and the average grain size was assessed.
The grain orientation was determined by the etch pit method and by X-ray difractometry with Mo K a radiation.
3.RESULTS AND DISCUSSION
Antimony enrichment, caused by equilibrium segregation on the surface, can only be measured at elevated temperatures with the AES method. The mole fraction of Sb, 0.05% is in the range of solubility at all temperatures investigated but below the detection limit of the AES method. The highest antimony surface enrichment was established at 700° C ; above this temperature, no further increase in Sb concentration was observed (figure 1). Table 1 shows antimony to iron peak height ratios for all recorded Auger spectra. The point enrichment ratios in different grains are noted on the SEM images in figure 2 . The Sb/Fe 650 eV peak height xatio varies between 0.232 and 0.585. There is not always a correlation between the peak height ratios and the intensity within the Sb SAM images and this is probably due to a channelling effect of the primary electron beam, since the intensity, especially of the iron Auger signal, depends on the angle of incidence of the primary electron beam with respect to the crystallographic orientation of the grain (13), figure 3.
If the influence of a possible channelling effect is neglected, it is possible to estimate the Sb surface concentration by comparison with the results on Sb surface segregation on single crystal surfaces of defined orientation. For the same primary energy of exciting electrons the following saturation peak height ratios were measured for single crystal surfaces of (loo), (1 10) and (1 11 For the (100) oriented surface saturation coverage is half of a monolayer corresponding to a LEED ~(2x2) overlayer pattern. For the other surface orientations no well defied ordered structure of surface coverage was observed (13) . The peak height ratios are in the same order as in polycrystalline specimens. The saturation peak height ratio for the (100) surface was used as a calibration. The saturation surface concentrations for the polycrystalline samples were in the range of 0.2 to 0.6 of a monolayer. There are two possible explanations for this effect: simultaneous Sb and S segregation and competition for site available andlor Sb desorption from the segregated layer.
In steels other solute elements, such as C, S and P are present, and two or more elements can simultaneously segregate to the surface. There is generally competition for the site available. The relative amount of segregated elements on the surface depends on their free energy of segregation and the concentration in the bulk (14, 15) . Strong interaction and co-segregation of Ni and Sb was observed at the grain boundaries(l7-19), but in the steel investigated the content of Ni is very low and it is not to be expected in our investigation.
Antimony desorption from the segregated layer was established by Thermal Desorption Spectrometry at T> 750°C, figure 5.
Grain boundaries of the material were also analyzed by AES after annealing at 850,700, 600 and 550°C for 1 to 500 hours and only negligible grain boundary segregation of antimony and other solute elements was established.
Bryant (18), Gas and Guttrnan (19) established grain boundary segregation of antimony in pure Fe-Sb alloy after 200 and 500 hours of annealing in vacuum at 550°C. After the same thermal treatment, the present investigation revealed only negligible grain boundary segregation of antimony and of other solute elements in the steels investigated, as already reported (1 1).
The influence of antimony on recrystallization and grab growth was studied in steel with 0.05 % Sb and in a comparison steel. The kinetics of grain growth and the final grain size were determined in the temperature range from 700 to 800 OC. There was no significant effect of Sb grain growth rate, but it was found that at recrystallization finished in the temperature range 700 -800°C the grains were coarser in the antimony steel (figure 6).
The grain orientation for steel alloyed with Sb and comparison steel was determined by X-ray difractometry, using Mo K a radiation. The pole figures obtained are shown in figure 7 : only a small proportion of grains with the texture (100)(001) was found in steel with 0.05% Sb. The results of this investigation support the hypothesis that the texture formation results from orientation dependent effects of Sb on the surface energy, but not from effects on grain boundary stability and mobility.
CONCLUSIONS
The results of this investigation proved that antimony additions in silicon steel affect recrystallization by producing an increase in the number of femte grains with soft magnetic lattice space orientation in the sheet plane, and in this way improves the magnetic properties.
Antimony addition becomes effective simply by enrichment on the surface, which is measured on the surface at elevated temperatures by the AES method. The maximum surface segregation of antimony was 0.6 of a monolayer and it was established at 700 "C.
A strong correlation between the surface segregation of antimony and the orientation of grains emerging at the sheet surface was established.
Antimony decreases the surface energy of grains with(100) orientation in the sheet plane, and these grains grow on account of grains with other space orientations in the sheet plane. Only a certain level of surface segregation promotes selective grain growth. With excessive surface coverage, the surface energy of all orientations is strongly decreased and no preferential grain growth is obtained.
